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ABSTRACT: 

A structure and fabrication method for a phase-shifting lithographic mask 
wherein an attenuated phase-shifting mesh structure (Att PSM) is combined 
with an altemating-element phase shifting mask (Alt PSM) to provide a mask 
combination consisting of phase-shifted and unshifted attenuated 
backgrounds in which the phase-shifted attenuated backgrounds suo'ounds 
the unshifted components and the unshifted attenuated background 
surrounds the phase-shifted components. A substrate (10), composed for 
example of quartz, has discrete layers of phase shift material (12) such as 
silicon nitride (Si3N4). The phase shifter (12) provides a 180 degree phase 
shift to light transmitted through it Transparent regions (14) which also may 
be composed of quartz are disposed on the phase shifters (12) and 
attenuator material (16) is disposed on the top of regions (14). The majority 
of the attenuator regions of the mask are slightly transmissive absorbers 
and pi shifted openings such as the background (K) with respect to 
openings (C, E, G and J). The slightly transmissive, pi shifted absorber (H, 
A and I) is composed, for example, of chromium plus a phase shifting layer. 
In the areas where isolated, small, opaque features are required, the 
unattenuated phase shifter (B) is used instead of the Att PSM. Where there 
are closely packed patterns {C, D, E, F and G), every other element (D and 
G) is shifted by - pi . The shifted elements are each decorated by a rim that 
has the same transmission as the Att PSM but shifts 3 pi . In the present 
configuration, each of the closely packed elements is surrounded by an 
attenuated phase shifter; whereas, it is also pi -shifted respect to its close 
neighbor. The extra opaque line between the shifted and unshifted 
elements (H and I) do not print, because they are imbedded in a background 
of low transmission. These elements are 3 pi shifted (equivalent to pi shift) 
while the background area (K) is 4 pi shifted (equivalent to zero phase 
shin). 
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(54) Combined attenuated^Hemating phase shifting masic structure and fabrication methods 
therefor 



(57) A structure and fabrication method for a phase- 
shifting lithographic mask wherein an attenuated phase- 
shifting mesh structure (Att PSM) is combined with an 
alternating-element phase shifting mask (Att PSM) to 
provide a mask combination consisting of phase-shifted 
and unshifted attenuated backgrounds in which the 
phase-shifted attenuated k>ackgrounds surrounds the 
unshifted components and the unshifted attenuated 
background surrounds the phase-shifted components. A 
substrate (10), composed for example of quartz, has dis- 
crete layers of phase shift material (12) such as silicon 
nitride (SislSU)- The phase shifter (12) provides a 180 
degree phase shift to light transmitted tiirough H. Trans- 
parent regions (14) which also may be composed of 
quartz are disposed on the phase shifters ( 1 2) and atten- 
uator material (1 6) is disposed on the top of regions (14). 
The majority of the attenuator regions of the mask are 
slightly transmissive absorbers and ti shifted openings 
such as the background (K) with respect to openings (C, 
E. Gand J). The slightly transmissive, shifted absorber 
(H. A and I) is composed, for example, of chronruum plus 
a phase shifting layer. In the areas where isolated, small, 
opaque features are required, the unattenuated phase 
shifter (B) is used instead of the Att PSM. Where there 
are closely packed patterns (0, D, E, F and G). every 
other element (D and G) is shifted kjy -tl The shifted ele- 
ments are each decorated by a rim that has the same 
transmission as the Att PSM but shifts 3il In the present 
configuration, each of the closely packed elements ts 
surrounded by an attenuated phase shifter; whereas, it 
is also n-shifted respect to its cl se neighbor. The extra 
opaque line between the shifted and unshifted elements 
(H and I) do not print, because they are imbedded in a 
background of low transmission. These elements are 3n 
shifted (equivalent to n shift) while the background area 



(K) is 4n shifted (equivalent to zero phase shift). 
FIG. 1 
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Oescilption 

BACKGROUND OF THE INVE^JTiON 

Field of the Invention 

This invention relates to masks for lithography and 
more particularly to phase-shift masks for use in photo- 
lithography. 

Description of Related Art 

In photolithography, masks are employed to expose 
a pattern upon a work piece. As manufacturing require- 
ments call for exposure of patterns with smaller and 
smaller dimensions, it is becoming necessary to employ 
techniques whk:h permit enhancement of the current 
performance of the process of photolithography One 
approach is to use phase-shifting techniques in the 
ranges of wavelengths used in photolithography in the 
past 

At present, small features or small geometric pat- 
terns are created by lining conventional optical photoli- 
thography. Typically, optical photolithography is achieved 
by projecting or transnvtting light through a pattern made 
of optically opaque areas and optically dear areas on a 
mask, the optically opaque areas of the pattern block the 
light, thereby casting shadows and aeating dark areas, 
while the optically clear areas allow the light to pass, 
thereby creating light areas. Once the light areas and the 
dark areas are formed, they are projected onto and 
through a lens and subsequerttly onto a substrate. How- 
ever, because of increased semiconductor device com- 
plexity which results in increased pattern complexity, and 
increased pattern packing density on the mask, distance 
between any two opaque areas has decreased. By 
decreasing the distances between the opaque areas, 
small apertures are formed which diffract the light that 
passes through the apertures. The diffracted light results 
in effects that tend to spread or to bend the light as it 
passes so that the space between the two opaque areas 
is not resolved, therefore, making diffraction a severe linv 
rting factor for optical photolithography. 

A conventional method of dealing with diffraction 
effects in optical photolithography is achieved by using a 
phase-shift mask, which replaces the previously dis- 
cussed mask. Generally, with light being thought of as a 
wave, phase-shifting is a change in timing of a shift in 
wave form of a regular sinusoidal pattern of light waves 
that propagate through a transparent material. Typically, 
phase-shifting is achieved by passing light through areas 
of a transparent material of either differing thicknesses 
or through materials with different refractive indexes or 
both, thereby changing the phase or the periodic pattern 
of the light wave. Phase-shift masks reduce diffraction 
effects by oomUning both diffracted light and phase- 
shifted diffracted light so that constructive and destruc- 
tive interference takes place favorably. 



One type of phase shift mask, as well as a detailed 
description of theory is disclosed in Marc D. Levenson et 
al., "Improving Resolution in Photolithography with a 
Phase-shifting MasK' I E E E. Transactions on Bectron 
5 Devices. Vbl. ED-29. No. 12. December 1982. 

In his paper, "Phase-Shifting and Other Challenges 
in Optical Mask Technology, (short course on r^ase-shift 
mask technology. SPiE Conference. 1991) Burn J. Lin 
discusses a variety of phase-shifting techniques, indiKl- 
10 ing alternate phase shifting in which every other element 
in a closely packed array is phase-shifted, sub-resolution 
phase shifting which serves to enhance the edge con- 
trast of patterns below the resolution limit of the given 
optical system, rim phase shifting in which phase shifting 
15 takes place solely at the rim of the patterns, and others. 
Lin tested the various types of phase shifting on five dif- 
ferent feature patterns. All five features patterns were 
improved by rim phase shifting. 

In addition to alternate phase shifting, there is 
20 another technique known as attenuated phase shifting 
wherein a mask Is provided that includes absorbing 
material for attenuation of background regions surround- 
ing the mask openings. In US - -A-5 268 569 discloses 
a photolititography system wherein making the phase 
2S shifters absorptive lacilitates a phase shifting mask sys- 
tem for aibitrary layouts. Combining phase shifters of dif- 
ferent levels of absorption further enhance tiie 
irpprovements. 

This patent also discusses anotiier design where 
30 there is no absorber employed, only the phase shifter on 
tiie sut)strate carry tiie burden of patterning. The large 
phase shifter areas are printed everywhere inside and 
outside the features except at the edge, where due to the 
large phase transition, large dark line images are pro- 
35 duced. In the small areas the edges aresufficierrtly dose 
to each other so tiiata completely darkfeature is created. 
Large dark images can be produced t)y grouping many 
subresolution phase shifter features closely together. 
Here, because tiie phase shifters are completely trans- 
40 parent as opposed to the attenuated phase shift mask to 
be described in the invention tfiis particular phase shift 
mask system is called unattenuated (Utt) phase shift 
mask. 

Ottier references related to the present technology 
45 are as follows: 

US-A-5 045 417 relates to a microminiaturization tech- 
nique to achieve the miniaturization and higher integra- 
tion of IC chips and to the improvement of a mask used 
in its manufacturing process. In otiier words, the phase 
so of lights transmitted ttirough the mask is controlled within 
one mask pattern. Specifically, a transparent film is 
formed in such a manner that it covers a mask pattern 
along a pattem formed by magnifying or demagnifying 
tiie mask pattern oc otherwise a groove is formed in a 
55 mask sutjstrate. A phase difference of 1 SOP Is generated 
l)etween the lights transmitted through the mask sut>- 
strate and the transparent film or the groove, causing 
interference witii each light to offset each otiier. There- 
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tore, the pattern transferred onto a wafer has an 
innproved resclution, being used in the invention. 

US'A*4 902 899 desabes a lithographic process 
having improved image qualrty by employing a mask that 
includes a plurality of opaque elements or transparent 
elements that are smaller than the resolution of the 
lithography to be employed in order to control the trans- 
mittance of the actinic light exposure area. 

US-A-4 890 309 disdoses a lithographic system 
wherein the mask indudes an attenuator which passes 
a fraction of the incident electromagnetic radiation and 
phase shifts the radiation relative to the radiation passing 
through open features of the mask by approximately an 
ode nrujitiple of n radians This phase shifting of light 
passing through the attenuator by n radians reduces the 
edge blunging that results from diffraction effects. The 
Invention steepens the slope of the intensity profile at the 
edges of features in x-ray lithographic replication relative 
to the slope obtained with a conventional x-ray mask. 
The steeper slope is a highly significant advantage 
because it permits improved linewidth control. 

US-A-4 885 231 describes a system wherein image 
reversal Is controlled to occur in lithographically defined 
regions of a positive photoresists. In that way. selective 
reversal of a simple hologaphic grating is achieved to 
obtain iSO^egree phase shifts within lithographically 
defined reglcxis of the grating. Such a phase-shifted grat- 
ing is useful, tor example, toprovide distributed feedback 
in a semiconductor laser designed tor single-longitudi- 
nal-mode operation. 

US-A-4 806 442 relates to spatial phase modulating 
transparent masks comprising two or more portions hav- 
ing two different optical paths and their production proc- 
esses are disclosed. The transparent masks are 
particularly useful as an esqposure maskin the production 
of phase-shifted, distributed feedt^ack (OFB) semicon- 
ductor lasers for a single-mode operation. A process for 
the formation of phase-shifts diffraction grating or cor- 
rugations which comprises exposing a substrate, 
through the above trsmsparent masK to exposure radia- 
tion is also disclosed. Aocording to the present invention, 
the phase-shifted diffraction grating can be easily and 
directiy produced with a high accuracy and reliability. 

SUMMARY OF THE INVENTION 

The alternating-element phase-shifting mask (Alt 
PSM) hasthepotemialtodouk)lethe resolution of a given 
optical imaging system. It Is the nrK>st effective phase 
shifting mask for closely packed structures. Its isofocus 
characteristics is atso very desirable. However, when 
ttiere is variable packing in the masK tiie alternating 
phase shifting mask is less effective. Furthermore, it 
does not work on Isolated openings or Isolated opaque 
features. The attenuated phase shifting mask (Att PSM) 
vyorks on arbitrary mask patterns but the improvement 
of its imaging performance for closely packed patterns is 
negligible. 



In the present invention, Att PSM Is combined with 
Alt PSM so that the advantages of both PSM systems 
can be realized. An object of ttie present invention is to 
combine tiie Alt PMS with tiie Att-Utt (Attenuated-Unat- 
5 tenuated) combination. An object of the present inven- 
tion is to provide a PSM consisting of an Att PSM 
background wherein tfie phase in the openings is shifted 
alternately. 

Another object of the present invention Is to provide 
10 a PSM consisting of shifted and unshifted attenuated 
backgrounds wherein the shifted attenuated background 
surrounds tiie unshifted openings and the unshifted 
attenuated background sun^ounds the shifted openings. 
Still anottier object of the present invention is to pro- 
15 vide an attenuated PSM where small features consisting 
of attenuated shifted elements are reduced in attenua- 
tion, the ultimate reduction makes it totally unattenuated. 

A still furttier object of the present invention is to pro- 
vide PSM consisting of shifted and unshifted back- 
20 grounds where small features consisting of attenuated 
shifted elements are reduced in attenuation, tiie ultimate 
reduction makes it totally unattenuated. 

BRIEF DESCRIPTION OF THE DRAWINGS 

2S 

The above set furttier and ottier features of the 
invention are made more apparent in the ensuing 
Detailed Description of tiie Invention when read in con- 
junction witii tiie attached drawings, wherein: 

30 

Rg. 1 is a schematic Illustration of a comblnatbn of 
an Alt PSM and an Att-Utt PSM to form a Alt-Att-Utt 
PSM mask; 

35 Rg. 2 is a schematic illustration of a skle view of the 
Alt-Att-Utt PSM of Fig. 1; 

Rgs 3, 4, 5, 6 and 7 are schematic illustrations of 
various stages in tiie fabrication of the Alt-Att-Utt 
40 PSM; 

Rgs. 8. 9. 10. 1 1 and 12 are schematic lllusti^tions 
of various stages in anotiier fabrication method for 
ttieAtt-Att-Utt PSM; 

45 

Rgs. 13, 14, 15, 16 and 17 are schematic illustra- 
tions of various steps in still anottier fabrication 
mettiod for the Alt-Att-Utt PSM; and 

so Rgs. 18, 19. 20, 21 and 22 are schematic illustra- 
tions of various steps in a simplified fabrication 
metiiod for the Att-Att-Utt PSM. 

DESCRIPTION OF THE PREFERRED EMBODI- 
55 MENTS 

Refenring to Fig. 1 , a plan view of a combined alter- 
nating (Alt) and Attenuate-Unattenuated (Att-Utt), phase 
shifted mask (Alt-Att-Utt PSM) isshown. Rg. 2 illustrates 
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the side view of the mask of Fig. 1 . In Figs. 1 and 2, the 
cross-hatching that extends from upper right to lower left 
represents an attenuator element aoss-hatching 
extending from lower left to upper right represents a 
phase shifter element and the combined cross-hatching 5 
shown in Rg. 1 indicates where attenuator and phase 
shift elements overiap. In Fig. 2, a substrate 10, conv 
posed for example of quartz, has discrete layers of phase 
shift material 12 such as silicon nitride (Si3N4) or other 
suitable transparent material such as oxides or oxyni- 10 
trides may be used. The phase shifter 12 provides a 180 
degree phase shift to light transmitted through it in a 
manner well known in the art. Transparent re^ons 14 
which also may be composed of quartz are disposed on 
the phase shifters 12 and attenuator material 16 is dis- 15 
posed on the top of regions 1 4. The msyority of the atten- 
uator respons of the mask of Figs. 1 and 2 are slightly 
transmissive absorbers and n shifted evenings such as 
the background K with respect to openings C. E, G and 
J. The slightly transmissive. n shifted absorber is indi- 20 
cated by letters H, A and I in Fig. 1 and is composed, for 
example, of chromium plus a phase shifting l^er. In the 
areas where isolated, small, opaque features are 
required, the unattenuated phase shifter irxilcated by let- 
ter B in Rg. 1 is used instead of the Att PSM. 2s 

Where there are closely packed patterns such as 
indicated by letters C. D, E. F and G, every other element 
(D and G) is shifted by -ti. The shifted elements are each 
decorated by a rim that has the same transmission as 
the Att PSM but shifts Stl The shape and size of the rim 30 
is much less critical than the rim used in the mask known 
as the Rim PSM discussed in aforesaid US-A-5 288 569. 
In this configuration, eachof the clos^y packed elements 
is surrounded by an attenuated phase shifter; whereas, 
it is also n-shifted respect to its close neighbor. The extra 35 
opaque line between the shifted and unshifted elements 
such as lines designated by letters H and I in Fig. 1 do 
not print, because they are imbedded in a background 
of low transmission. The regions H and I are 37t shifted 
which is equivalent to n shift. The background area K is 40 
4n shiftaj which is equivalent to zero phase shift. 

The fabrication of the Alt-Att-Utt PSM (AAU PSM) 
embodiment of the present invention is shown in Rgs. 3, 
4, 5, 6 and 7. The process starts with a mask blank con- 
sisting of a quartz sitetrate 1 0 and layer of transmissive 45 
at)sorber 1 6, and a layer of n phase shifter 1 2, as shown 
in Rg. 4. The transmissive absorber 16 inherently shifts 
phase by an amount © which is assumed to t>e 30° for 
simplicity, without violating the spirit of this invention. 
Step 1 consists of delineating all the n attenuated phase so 
shifters, followed with etching 330^ or In-B, into the 
quartz substrate as shown in Rg. 5. In step 2, a second- 
level photoresist 18 is now applied and exposed with 
proper alignment to the pattern 1 delineated in step 1 as 
shown in Fig. 6. This exposure level selects the 3n- ss 
shifted rim and the Utt PSM areas for subsequent etching 
in step 3 as shown in Rg. 7. The plan view of the mark 
structure of Rg. 7 is shown in Rg. 3. 
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An alternate fabrication scheme utilizes two extra 
phase shifting layers with high etch sdectivity to each 
other; one shifts phase by 330^ or 2tc-6, the other layer 
is simply a n phase shifter as shown in Fig. 8. The fabri- 
cation st^s are identical to those shown in Rgs. 4. 5. 6 
and 7 except that the selectivity of the phase shifting 
layer helps to maintain etch unitbrmity. Thin etdi stop lay- 
ers can be inserted between layers requiring etch selec- 
tivity to further enhance it 

Yet another means to fabricate Att-All-Utt PSM is to 
start with the substrate of Fig. 14 (which is the same as 
Fig. 4). Step 1 delineates the attenuated n-shifters 12, 
16 but does not etch into the quartz substrate 10 as 
shown in Rg. 15. Using photoresist layer 18. step 2 
opens the rim and unattenuated areas for a n-shifter lift 
off process in step 3 to complete the fabrication (Rg. 1 7). 
The lift off step can also be used with the substrate of 
Fig. 9. 

The processing can be simplified by allowing 
regions 8 and 9 to phase shift only 150° or 210°. This is 
shown in Fig. 18. The Att PSM component is delineated 
normally as shown In Rg. 19. Then a 2nd level resist 
application and aligned exposure opens the Utt PSM 
areas as well as area to be alternately phase shifted, as 
shown in Rg. 20. Even though the 150° phase shifters 
are completely removed by etching, the inherent phase 
shift caused by the attenuating layer is not eliminated, 
resulting in a 210° attenuated phaseshifting background 
for these alternately shifted opening. In addition to nor- 
mal biasing making unequal lines and spaces on the 
mask to result in equal lines and spaces on the wafer, 
the mask may be further biased to compensate for the 
slight asymmetry of this configuration. 

What has been desaibed is an improved phase 
shifting mask whk:h comt»nes the advantages of an 
attenuated phase shifting mask and an alternating ele- 
ment phase shifting masK and which also includes unat- 
tenuated regions. 

Claims 

1. A phase-shifting mask structure having composite 
pattern material disposed on a substrate and com- 
prising: 

a substantially transparent substrate, 
discrete component layers of radiation phase shift- 
ing material disposed on selected regions of said 
substrate, 

discrete component layers of radiation attenuating 
material disposed on selected regions of said sub- 
strate, 

discrete component layers of radiation phase shift- 
ing material disposed on selected regions of said 
layers of attenuating material, 
said discrete component layers of said radiation 
phase shifting material being disposed in separate 
alternating regions of adjacent zero radian phase 
shift and n radian phase shift material. 
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2. A phase-Shifting mask structure having phase- 
shifted, unphase-shifted and attenuated regions 
acoording to daim 1 wherein shifted, attenuated 
regions surround unshifted regions and unshifted. 
attenuated regions surround shifted regions. 5 

3. A phase-shifting mask structure according to daim 

2 including attenuated regions with zero radians 
phase shift and phase-shifted regions with a n-<» 
phase shift components where ^ is substantially 30 10 
degrees. 

4. A phase-shifting mask structure according to daim 

3 further including a 2n-<t> phase shift component. 

15 

5. A phase-shifting mask structure according to daim 
3 further including a 3n-^ phase shift component. 

6. A phase-shifting mask structure according to claim 

3 further including a 4n-^ phase shift component. 20 

7. A method for fabricating a phase-shifting mask com- 
prising the steps of: 

Stepi disposing a layer of transmissive 2s 
absorber material on a substantially 
transparent substrate. 

Step 2 disposing phasing-shifting material on 

said absorber material to provide a com- 30 
posite attenuated phase-shifting layer, 

Step 3 disposing a first layer of photoresist on 
sad composite layer and exposing and 
patterning said photoresist, delineating 35 
and etching said phase-shifting material, 
said absorber material and said quantity 
substrate to form a pattern of separate 
discrete portions of quantity, absorber 
and phase-shift material on said sub- 40 
strate, 

Step 4 applying a layer of photoresist on said 
substrate and disaete layers formed in 
Step 3. 45 

Step 5 exposing and etching said photoresist to 
form an etch mask over selected regions 
of said discrete portions of phase-shift 
material, and so 

Step 6 etching said discrete portions of phase- 
shift material to remove said selected 
regions of said phase-shift material. 
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8. A method according to claim 7 wherein said phase- 
shift material in step 6 is removed by lift-off. 



5 



EP0713 142 A2 



FIG. 1 




6 



EP0713 142 A2 



FIG. 3 



FIG. 4 



FIG. 5 



FIG. 6 



FIG. 7 
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FIG. 1 3 
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FIG. 18 
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